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Energy Conversion Branch of the AF Aero-Propulsion Laboratory, but this
report 1s being published and dilstributed prilor to Alr Force review. The
publication of this report, therefore, does not constitute approval hy the
Air Force of the findings or conclusions contained herein. It is published
for ﬁhe exchange and stimulation of ideas.

The information contained in this report is presented for goverimental
purposes. No rights are granted to any party by the issuance of this report
beyond thosec dlready granted to the government by the terms of the applicauble
contract. For all other purposes, the data contained herein is deemed
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ABSTRACT

This report discusses initial work toward maximizing the radiation
resistance of silicon webbed dendritic solar cells. Design considerations,
techniques for fabricating cells of 1 Q cm resistivify, and steps preparatory
to radiation damage study are presented. Efficiencies as high as 12.4% have

been achieved on solar cells made from 1 Q-cm n~type silicon webbed dendrites.
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I. duction

With recent advances in space, solar cells have gained considerable
importence. The solar cell is a semiconductor device which will convert
radiant energ& into electrical energy. At present, the so-called semi-
conductor solar cell provides the highest available efficiency in con-
verting solar radiation energy to useful electrical output. This cell
is essentially a large area diode with an extremely shallow p=n Jjunction
(depth of the order of 1 micron). The cell is shown schematically in
Figure 1. The carrier concentration gradients at a p-n junction provide
the driving force to maintain a "built-in" junction field. When hole-
electron pairs are generated by conversion of the energy of light quanta
absorbed in the crystal, minority carriers diffusing into the Jjunction
transition region are accelerated by the junction field and are thereby
"collected." The result of this disturbance of the dark conditions of
equilibriumAis & photovoltaic voltage which is capable of driving current
through an external load, and also causes an internal shunt current to flow
across the junction in the forward direction. The junction depth is made
small so that the greatest possible proportion of photo-generated minority
carriers may diffuse into the Junction transition region before being lost
to recombination.

Silicon solar cells are ordinarily prepared from grown cylindrical
single-crystals of silicon, which are cut into thin rectangular plates,
lapped, then formed into solar cells. By the process of webbed dendritic
growth, long thin strips of silicon can be grown directly. This eliminates

several steps ordinarily required for the fabrication of solar cells and
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reduces silicon wastage. The process of dendritic growth and the development
of webbed dendritic solar éells are discussed in other reports.l

A primary limftsiion on the use of solar cells in space is radiation
damage from energetic protons and electrons. The object of this study is
to find the particular structure and fabrication procedure which maximizes
the resistance of webbed dendritic silicon solar cells to damage by the

radiation fluxes found in space.

lResea.rch on Improved Solar Generator, Tech. Doc. Report No. ASD=-TDR-62-1000,
contract AF 33(657)-T649.



II. pPreparation of Solar Cells
The immediate objective of this study is to find a particular cell

structure and fabrication procedure which maximizes the resistance to
damage by 2 MeV* electrons. Of the several parameters expected to
affect radiatioﬁ resistance, we will vary some and minimize, or hold
constant, others. Oxygen content, general purity, and initial dislocation
concentration will be minimized as far as practicable. Contact resistance
will be held at a constant value, hopefully negligible, by use of a standard
contact structure. The parameters to be varied in order of their expected
importance to radiation resistance, are:

1) Resistivity type

2) base-resistivity

3) diffusion depth

L) time-temperature profile of diffusion.

5) temperature during irradiation

6. dose rate.
A tentative schedule outlining the order in which various combinations of
the above parameters will be studied was included in the first monthly
status letter.

During this quarter solar cells were prepared from n-type silicon
vebbed dendrites of 1.0 Q-cm resistivity, with junction depths of 1,
1/2p, and 1/3u. Boron (& p-type dopant) was diffused into the n-type

*One MeV electrons may be used instead; this decision will be made shortly.
A1l equipment and technique described is appropriate to either electron
energy.
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base layer, using Bc13 as & boron source. The flow diagram for the
preparation of solar cells from webbed silicon dendrites is shown in
Figure 2.

A. Materiel Evaluation

In order to have a controlled process it is very important to
evaluate the material completely before any solar cells are fabricated.
The webbed dendrites were received in 12" lengths, and resistivity was
measured at 1/2" intervals along both sides down the length of the webbing,
using the two probe resistivity measurement technique. The resulting
resistivity values are shown in Tdblg I, It is seen from Table I that
there is no significant change in resistivity along the length of the
strip. Dislocation etch pit density is then measured on three small
Pleces taken from each end and the center of each strip. Dislocation
densities on these pileces were in the range of 0-5,000 pits/cmz. Equip-
ment is being set up to measure the minority carrier lifetime on the
silicon webbed material. Thus properties such as resistivity,‘dislocgtion
density and lifetime are measured and recorded prior to the fabrication
of solar cells.

A prograw has been initiated to determine the oxygen content of
silicon webbed dendrites. Initially samples with dendrites, without
dendrites, and with sandblasted surfaces were submitted for oxygen analysis.
Tbe results have not been evaluated completely. Further evaluation‘will be

made and the results included in later reports.
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B. Pre- sion i

Webbed silicon dendrites are cut into 2 cm lengths, mounted on a
flat plate with wax, and their surfaces sandblasted. The sandblasting
causes surface damage which is removed by etching prior to diffusion.

C. Diffusion

The solar cell 1s a one-junction device whose parameters are
eritically dependent upon certain physical properties such as carrier
concentration in the highly doped surface region and minority carrier
lifetime. These requirements place strong emphasis on the proper choice
of a process for junction formation. A vapor diffusion process satisfies
most requirements. This process consists of heating webbed silicon dendrites
to a pre-determined temperature vhile passing vapors of boron over them for
a preset time. In the case of boron, a surface film is formed by chemical
reactions between silicon and boron tri-chloride;

ll-BCl3 +51i 5 4B +3 SiClh_.

Silicon acts as a reducing agent and a small amount 1is lost during reaction.
This is in & sense an etching procedure and maintains a clean surface until
the proper diffusion temperature is reached. This vapor diffusion process
also preserves lifetime.

An approximate diffusion time may be ms.lcula.'t:ed"2 using the relation
derived in Appendix I,

x=7dDt ,
vhere x = diffusion depth in cm,
D = diffusion coefficient, a function of temperature, in cma/sec s

t = dAiffusion time in seconds.

Research on Improved Solar Generator, Scientific Report No. 1, contract
AF (616)-6612. ‘
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Diffusion runs of various durations were made to achieve junction
depths of lu, 1/2u, and 1/3u in n-type silicon webbed dendrites. Figure 3
shows the diffusion furnace used for these runs. Junction depths are
usually determined using 5° angle lspping followed by staining. The
staining technique consists of etching in nitric and HF acid combinations.
For boron diffused solar cells, it was found that the samples to be anslyzed
for junction depth should be cleaned prior to angle lapping to remove any
insulating layers produced during diffusion. Furthermore, since solar cells
do not have highly polished surfaces, more accurate diffusion depths can be
determined by inserting a chemically polished slice with each diffusion run.
Angle leapping of these slices ylelds satisfactory results.

D. Post=Diffusion Techniques

After diffusion, the silicon webbed dendrite has a glassy boron

diffused layer on the exposed side and an extremely shallow diffused layer
on the masked (bottom) side. Both these sides have to be cleaned to remove
the opague glass fromhthe top surface and the unwanted junction from the
bottom. The boron glass is removed by etching in acids. Usually the back
Junction is removed by sandblasting. These processes provide satisfactory
surfaces for contacting.

E. Contacting and Etching Technigues

In the fabrication of high efficiency solar cells, the formation of

ohmic contacts having high electrical conductivity, without dameging the device,
is one of the difficult problems. Grid structure contacts distributed over

the entire diffused layer are used in order to facilitate collection of holes
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and, consequently, to lower the series resistance of the cells. Grid
structure contacts were made on the p=layer using photo-resist techniques.
After the grid pattern had been applied, the units were nickel plated by
an electroless technique. Acid etching was then used to separate p and n
layers and to reduce leakage current.

The solar cells were mounted on metal plates in order to provide
good thermel contact to the aluminum heat sink to be used during irradiation.
Aluminum plates 0.8 em x 3.5 cm were designed with a terminal for the top
contact of the cell. To facilitate soldering to the Al surface, a
0.8 cm x 2 cm area was sprayed with copper using plasma: Jet technigques.
Figure 4 shows the metal plates after spraying and addition of the terminal.
Figure 5 shows the solar cell after dip soldering to the plate.

F. Testing Techniques

For each fabricated cell, the following quantities are measured:
Voc’ Isc, Vm, Im’ Pm, th CF, 0, J, Rse’ and Rsh’ These measurements
are made under tungsten lamps, Westinghouse DXC 500 watt, operated at
31+OO°K color temperature, and under a light intensity of 1LO mw/ cma. The
test apparatus which will soon be in use is shown in Figure 6. The arrangement
currently being used is pictured in Figure 7.

The lifetime of minority carriers in the base region is being measured
by the well known "diode recovery" technique. A Tektronix scope with type S
plug in unit is used for this measurement. The lifetime measurement is done
on 90 mil diameter dice cut from the centers of fabricated cells. The lifetime

of a batch is characterized by that of one of its cells. The lifetime measuring

equipment is shown in Figure 8.
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A Perkin-Elmer Model 12-C spectrophotometer (shown in Figure 9),
modified as described below, has been obtained dnring'this period. Spectral
response curves are routinely measured on this instrument; a sample curve
is shown in Figure 10. This instrument provides an automatic system for
measuring the spectral response of solar cells from approximately .22 microns
to 2.6 microns. Energy from one of two sources (hydrogen or tungsten) is
directed into a special monochrometor in which a SiO2 prism is used. The
monochromatic exit slit energy is divided by a beam splitter--one portion
going to the reference thermocouple and the remainder going to the detector
under test. The reference thermocouple is part of a servo loop which controls
the slits so that the exl: slit energy remains constant.

The solar cell Isc is amplified and displayed on a L and N strip
chart recorder. Since theenergy striking the solar cell is constant, any
variation in ocutput sensitivity is due to the solar cell itself. Scanning
wavelength, therefore, gives a plot of sensitivity vs wavelength; i.e., the
spectral response of the solar cell.

The system is also capable of measuring the spectral respounse of
various light sources. One of the existent light sources (tungsten or hydrogen)
may be replaced with an unknown source of light. The beam>splitter may be
replaced with an Al front surface mirror and the energy from the reference
thermocouple may be recorded, thus providing the relative intensity distribution
of an unknown light source. (The slits may be set at constant width and the

slit servo de-energized.)
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III. Radistion Demsge Studies

The mechanism of radlation damage to the operating characteristics of
silicon solar cells consists almost entirely of the introduction of recom-
bination centers into the base material, which decreases the minority carrier
diffusion lengths. Because the optical absorption constant in silicon decreases
sharply with increasing wavelength over the visible region, the longer wave-
length light is absorbed deeper in the base region of the cell, and must
diffuse farther to be collected. Consequently, the effect of radiation damage
is to reduce *the long wavelength response of the cell, the effect extending
to progressively shorter wavelengths as irradiation progresses.

To a first approximation, any type of bombarding particle introduces
recombination centers at a given rate, and the most resistant type of cell
structure will be that structure whose output characteristics decline least
due to the introduction of a given concentration of recombination centers.
Consequently, the relative damage resistance of different cell types should
be similar regardless of the nature of the bombarding particle. ‘O,f.’ course,
the recombination centers introduced by bonbarding particles of different
types and energies will differ somewhat in thgir nature; thus the cell
structure that is most resistant to one radiation flux will nqt always
be most resistant in a flux of different composition. In this investigation
we employ a single type of radiation (2 MeV or 1 MeV electrons) and accurately
compare the radiation resistance of different cell structures until the most
damage resistant structure and fabrication procedure has been developed. The

optimization procedure requires precise determination of relative damage rates
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among & large number of different solar cell structures. The achievement
of this precision requires;

1) good control of starting material,

2) reproducible fabrication techniques,

3) reproducible electron dosimetry, and

L) precise measuremenf of efficiencies.
A preréquisite to 1) and 2) is a unified, continuous production effort. A
check on 1) is obtained by irradiating duplicate samples from each production
run. A check on 2) is obtained by irradiating sets of samples from each of
several productionhms together. Electron dosimetry is accomplished by an
especially designed Faraday cup which has a sensitive area exactly equal to
the area (and shape) of the sample solar cells. This Faraday cup, and the
cells under test, azr‘e oscillated through the electron beam in such a way
that each solar cell, and the Faraday cup, spend equal times in any particular
portion of the beam pattern. Thus the current from the Faraday cup, inte-
grated over the entire irradiation, is equal to the totel electron current
intercepted by each cell, in spite of changes with time of the intensity,
or intensity distribution, of the electron beam.

A. t f Ir ati

The electron beam from a 2 MeV Van de¢ Graaff generator, defocused

to a spot several inches in diameter, is allowed to fall on a conveyer belt,
as showni Figure 11. Nine solar cells (triplicate samples from each of
three production runs, all with the same nominal characteristics) are accurately

centered about the axis of motion of the conveyer belt. The Faraday cup is
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mounted with its collimating hole also centered about the axis of motion and
at the same level, so that its sensitive area occupies & position exactly
equivalent to the position of any solar cell. With the electron beam on,

the conveyer belt is moved back and forth at constant speed over a sufficient
length of travel that all ten units pass completely out of the electron field
at each end of the travel. If the beam pattern is constant, the total inte~
grated flux per unit width (along the direction of travel) is the same for
all ten units after one pa.sé. If the gradient of beam intensity is small
over 2 cm perpendicular to the direction of motion, the integrated flux per
unit area is also the same for each unit. If the beam is very non-uniform
over this 2 cm, each unit must have the same length in order to receive
exactly the same integrated flux. If the units are well alligned and of

the same length, the integrated flux through each after a large number

of passes will be identical, despite variations in beam intensity and
distribution.

The nine cells are mounted on a sample holder which can maintain
them at a chosen constant temperature between -75°C and +75°C , either during
irradiation or during measurement. The cells are not demounted during the
duration of damage testing. The cells are irradiated for different periods,
80 that the total exposure, as indicated by the total charge entering the Faraday
cup, increases by a factor of 3 (or 3.33...) at each interval. Illuminated

and dark current=-voltage (I-V) characteristics are measured at each interval.



B. a8 n sti

In Section II, the measurements to be made before and after
irradiation were enumerated. The essentlal characteristic to observe
during the course of irradiastion is the illuminated I~V characteristic,
from which the efficiency is determined. At each interval between
irradiations two illuminated I~V curves will be measured for each cell;
using 3400°K black body radiation, and with the same light source filtered
through 1/2" of plexiglass and 3 cm of de-ionized water. Dark I-V curves
will also be measured at some intervals.

Light I-V curves are measured in a relatively conventional manner.
The 314.00°K tungsten lamp is maintained at constant intensity above a stage
holding two IRC calibrated solar cells and the nine sample cells. The lamp
can be moved toward or away from the stage until the output of the standard
cells indicates an intensity equivalent to the air mass zero solar intensity
of 140 mw/cme. Each sample cell is then successively placed in position for
measurement by a perpendicular motion of the stage. An I~V curve, covering
the power quadrant and partsd the two adjacent quadrants, is automatically
plotted by an x-y recorder in about six seconds. Appropriate signals to
calibrate the measurement circuitry are simultaneously plotted by the recorder.
After each sample cell has been measured, the filter is interposed between
light source and samples, the stage is repositioned to restore equivalent
solar intensity, and the measurement procese is repeated.

Dark I-V curves are cbtained from the same equipment with the light

source extinguished. The purpose of taking these curves is to estimate the
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series resistance of the cell from the forward characteristic, and to fimd
the shunt resistance from the reverse characteristic.

The 3400°K light source, although it is stable and provides an
accurately knowm fi'equency distribution, produces much more long wavelength
light than the roughly 6000°K solar spectrum. This leads to the by now
well known effect that the rate of radiation damage is overestimated by
testing with 31+OO°K light because of the more rapid loss in cel; response
at the longer waveiengths.

The filtered light source has been found by other workers to
indicate rates of decrease in solar cell efficiency with irradiation
that match the rates measured in sunlight rather well. Although the filter
does remove long wavelengths, the frequency distribution of the filtered
source by no means matches that of the sun. It must be remembered that
the agreement with sunlight measurements of radiation damege rates is to
some extent empirical. The observed damage ratés can be checked at two
points by combining the spectral response data taken before and after
irradiation with the unfiltered tungsten efficiencies to estimate the
solar efficiencies at these two points.

C. Equipment

The sample holder has four major functions: 1) to hold up to
eleven solar cells in accurate, reproducible positions for irradiation or
measurement, 2) to maintain the cells at a constant temperature (within
about 2°C) in the range =75°C to +75°C. 3) To serve, together with the

cell material, as an infinite, homogeneous electron stopping medium, so
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that the electron backscatter flux will be uniform and known, and 4) to
provide a dry inert atmosphere ot.rer the cells during low temperature
measurement.

The sample holder, which is shown in cross section in Figure 12,
is basically a well insulated ice chest with a top surface of l/l&" thick
aluninum. The cells, themselves backed by 1/8" aluminum bases, are screwed
to the top surface. This provides a unifomm sfopping nmedium of relatively
low atomic number (AL = 13, Si = 14) which minimizes the amount of back-
scattered electron flux. A thin plastic cover (1/16" plexiglass) can be
sealed to the {rooden rim to contain an atmosphei'e of dry nitrogen geas,
vhich will prevent frosting of the cold cell surfaces during low temperature
measurements. The ice chest can be filled with carbon dioxide ice or ammonia
ice to maintain cell temperatures of -75°C , with liquid ammoniato provide
-32°C or with water ice to give 0°C. One filling is sufficient for several
hours. Two 50 watt cartridge heaters embedded in the aluminum top allow
ope:e.tion at any temperature from ambient to +75°C. Several thermocouples
are embedded in the aluminum top and in a dummy solar cell baseplate. All
power and signal connectors are mounted on the sample holder, which can be
unplugged for rapid transfer from irradiation to measurement locations. The
metal base plate is notched to match an indexing system in the power curve
measurement apparatus which allows any solar cell to be accurately placed

with respect to the light source.
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Electron flux messurement is accomplished by means of a Faraday
cup of special construction, shown in cross section in Figure 13. The cup
consists essentlally of three closed concentric shells; of metal, insulator,
and metal. The outer shell consists of 1/8" brass and carries a collimating
plate of 0.050" gold with sn appropriate beam hole. A very thin metallic
coating on the ‘upper surface of the mica plate completes the electrical
enclosure. Three collimating plates are provided; one has a 2 ecm by 0.8 cm
beam hole which matches the solar cell area, one has & 2 x 2 c¢cm beam hole
vhich can also simulate the solar cell ares if properly oriented, and the
third has no hole and is used to check current leakage during irradiation.

The insulating shell consists of ten mil polystyrene molded to
the inner brass shell, plus two mil vinyl tape. The insulating circuit
is closed in thé vicinity of the beam hole by a 0.7 mil mica window,
which is coated with silver paint on both sides to close the two conducting
shells. The total thickness of the painted mica window is 6.7 mg/cma. The
inner conducting shell consists of 1/8" brass, with a 1/4" aluminum insert
in the bottom to minimize electron backscatter.

In operation, the Faraday cup is so placed on the conveyer belt
that the collimator hole traverses exactly the 2 cm wide path traversed
by each sample solar cell. Either collimating plate can be used, with
the 2 cm dimension perpendicular to the direction of travel. The current
collected by the inner shell 1s integrated over the entire irradiation.

The accuracy of the integrated current reading depends upon several

factors:
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1) Current leakage through the insulating shell==this should be negligibdle.
2) Passage through the mica window of energetic secondary electrons ejected
~ from the edges of the collimator--this effect has probably been made
negligible by chamfering the edges of the collimator at 10° o that
it is narrowest at the face toward the electron beam source.
3) Uncertainty of the effective area of the beam hole--since some
. electrons can pass through the thinner portions of the chamfered
gold edges the effective locations of the edges are altered by sbout
5 mils. This leads (for 2 MeV electrons) to an increase in the effective
area of the hole of about 2%r the 2 cm by 2 cm collimator and about
3% for the smaller collimator. These increases are less than half as
large if 1 MeV electrons are used. For an exactly parallel electron
beam the increases could be estimated, but some uncertainty is un-
avoidable because of the variations in incident electron direction.
For this reason, as well as the uncertainty in measuring the physical
(1.e., optical) hole areas, the effective hole area is considered
uncertain to é%. )
4) Escape of electrons backscattered from the bottom of the cup--this
can be estimated and amounts to about 0.5%.

5) Escape of electrons backscattered by the mica window-=-about 0.6%.
Although some correction can be made for all of these factors, the curfent
measurement at the Faraday cup will be uncertain to about 3%. The errors
due to misalignment between the paths of the collimating hole and the paths
of the sample cells will probably amount to more than this, unless the
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electron beam pattern is extremely uniform. The overall measurement of
electron intensity should be accurate to much better than 10%.

The circulitry associated with I-V characteristic measurements is
shown in Figure li. The circuit is basically a variable load resistance
placed across the solar cell contacts, with cell voltage and IR drop across
a 50 resistor being applied directly to the inputs of a Mosely "Autograf"
x=y recorder. The one-turn variable potentiometer is driven by a 10 RPM
motor so that a full I-V curve is plétted in six seconds. A four volt
battery and two 100 resistors convert the variable resistance into a
voltage divider which causes the power curve to be extended slightly
into the two adjacent quadrants, thus assuring unambiguous measurement
of Isc and vac.

When the two 10Q resistors are shorted out, the dark I-V curve is
drawn between the limits of =2 volts and +280 ma. The calibration circuit
causes the potential across a 2.2 uf capacltor to rise from zero to the
1.34 volte supplied by the mercury cell. This causes a straight line to be
drawn in the power quadrant of the illuminated I-V curve from the origin to
(0.5 volt, =50 ma). All of the c;rcuitry is reversible in polarity, so that

both n-type and p-fype cells cen be measured with their bases grounded.
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IV. Puture Program

Testing of the resistance to electron damage of the 1lQcm n-type base
cells will begin shortly. Cells from n-type webbed dendrites of 5, 10,
and 20Qcm will be fabricated and tested under irradiation. Fabrication
of p-type base cells having base resistivities of 1, 5, 10, 20, and 25Qcm
will begiﬂ concurrently, and these cells will be tested after the high
i-esistivity n-type base cells. After comparing these test results, the
study of n~type base cells outlined in the tentative schedule may be

curtalled in order to concentrate on p-type base cell structures.



APFENDIX 1
culat =n 8
It is assumed that the diffusion of boron into silicon under the
experimenta.l conditions is given by the complementary error function,
| e(x) = ¢, erfe x/2L, (a)

vhere
L= (D)2 (3)

is the diffusion length and éo is the surface concentration of diffusant.

This expression for the distribution of diffusant is an approximation.
The actual distribution function is somewhat different, since the formation
and volatilization of SiClh_ from the exposed faces of the silicon produces
a recession of the silicon surface with a small velocity. As pointed out
in. Seét’ion. II of the report, the removal of silicon proceeds according to
the reaction

351 + LBCL, = 4B + 331°12+T . (c)

3
Referring to Eq. (A), we can readily evaluate c(x) at the junction from

the following weli-imown relationship:
o, =np ep, = clx) e (D)
vhere the mobility P is e function of the conductivity of the base silicon,

o, Now c  may vary from 10]'9 to 1022/cc , the highest possible value being

the design objective. The Table below gives x, in terms of L for various

J
values of o and base resistivities Py as calculated from Eq. (A). Tables

of the complementary error function may be used for this evaluation, but it
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is more convenient to use the complementary error function graph paper
which we have designed for use in the investigation of diffusion processes

(see the following page). .

Table A. Values of Junction Depth in Terms of
Diff‘usion Length, for erfc Distribution

cy (cm-3) Py x4 P ’ Xy Py Xy
10%2 0.3 4ot | 1 s A 5.2L
1020 0.3 54L | 1 5.6L | 3 6.0L
104 0.3 5.9L | 1 6.3L | 3 6.7L
1022 0.3 6.6 | 1 7.0L | 3 7.3L

For typical cases, it ma.y.be seen that the a.pproximation .
Xy = 6L (B)
may be chosen as a suiteble guide to device design, in view of the
uncertainty in the value of the diffusion coefficient, D. It is
convenient to express Eq. (E) in a modified set of units , for laboratory
calculations. Insertion of the appropriate conversion factors ylelds the
following useful approximation:

x, = 0.006 (Dl3tm)1/ 2, (F)
vhere '

X, = Junétion depth in mils,

D, =D x 1053,

13
D = diffusion coefficient (for boron in silicon, D = 1.x 10'.13) ,

t = diffusion time in minutes.
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Reading Resistivity 'Reading Resistivity
Position ~ohm-cm __ Eosition ~ohpecn
' 1.008 A, 1.025
B, 1.025 By 1.092
¢, 1.058 C, 1.092
D 1.092 D, 1.1k2
E 1.092 E, 1.092
F 1.092 F, 1.092
G, 1.092 G, 1,042
: 1.092 H, 1.042
I, 1.042 I, 1.042
3, 1.025 I, 1.058
K 1.025 K, 1.042
L 1.042 L, 1.042
M 1.092 M, 1.042
N 1.092 N, 1.042
0, 1.075 0, 1.042
P 1.025 P, 1.042
Q 1.025 Q, 1.042
R, 1.075 R, 1.042
8 1.025 S, 1.042
T 1.025 T, 1,042
U 1.109 U, 1.075
v 1.058 v, 1.075
W, 1.075 W, 1.075
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Figure 1. Sketch of Solar Cell
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Figure 2. Flow Diagram of Solar Cell Processing
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Diffusion Furnace
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Metal Plates with Terminal
on Top for the Contact
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Figure 5

Metal Plates with Solar
Cells Mounted on These Plates
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Efficiency Measurement
Equipment



Figure 7

Efficiency Measurement
Tester
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Lifetime Measuring
Equipment
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Spectral Response
Measuring Apparatus
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Figure 1ll. Sketch of Irradiation Geometry. As the
conveyer belt oscillates at constant
speed, all solar cells and the collimation
hole receive the same integrated electron
flux.



silicon solar cell
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Figure 12. Cross Sectional View of Sample Holder to 2/3 Scale.

Nine solar cells and a dummy containing a thermocouple
are in place. Construction details and electrical
connections are not shown.
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reversible, constant speed motor

Figure 14. Circuitry Used to Measure I-V Characteristics. Switch A
selects one solar cell. Switch B selects, from top dowm;
pover off, dark curve measurement, Or power Curve measure-
ment. Switch C selects, from bottom up; measure p~-type
base cells, measure n-type base cells, calibrate zero
position, and draw calibration line. Constant speed
motor causes a full I-V curve to be drawn in six seconds.
Resistance values are in ohms and voltages in volts.
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